Abstract: Disturbed sleep is common in critical illness, not only during early phases of treatment in an intensive care unit (ICU) but also during later stages of recovery after ICU discharge. While sleep quality during critical illness is usually not a primary concern of intensivists, disrupted sleep can impede recovery and has been associated with immune system dysfunction, impaired wound healing, and adverse neurological and psychological outcomes [1] . The noise and lighting of the ICU environment, frequent patient-provider interactions, and critical care procedures all profoundly impact sleep quality and continuity in critically ill patients. Various sedative medications and various modes of mechanical ventilation can also affect sleep. This article will review (1) sleep disruption and its clinical manifestations in the ICU patient, (2) the effects of the ICU environment and routine critical care on sleep disturbances, (3) the biological consequences of critical illness on sleep and circadian rhythms, and how sleep deprivation (SD) affects the immune system, (4) iatrogenic disturbances of sleep in the ICU patient (e.g. commonly used sedatives, mechanical ventilation), and (5) sleep during recovery after critical illness.
SLEEP

DISRUPTION AND ITS CLINICAL MANIFESTATIONS IN THE ICU PATIENT
Several studies have used polysomnography to objectively determine the characteristics and quantity of sleep in the ICU patient. Surprisingly, total sleep time achieved over the course of a 24 hour period in critically ill patients approaches normal values [2] . However, sleep continuity and sleep architecture are markedly perturbed. Nocturnal sleep is often severely reduced with approximately 50 percent of sleep occurring during daytime hours. When sleep ensues, it usually occurs in short, highly fragmented bouts [2] [3] [4] . Clinical severity of illness assessment, using the simplified acute physiology score-II (SAPS II ), has been shown to positively correlate with the amount of sleep that occurs during daytime hours based on objective measures [5] . However, another study using acute physiology and chronic health evaluation scores (APACHE II and APACHE III) found no association between severity of illness and subjective self-reports of sleep quality. It is worth noting, however, that subjective reports of sleep quality in the ICU may be erroneous because of misperception of sleep, possibly related to sedative medications and effects of critical illness on cognitive function that might alter recall of sleep quantity and quality. Objective studies of sleep quality in a critical care setting using polysomnographic analysis revealed that nocturnal sleep is highly fragmented with frequent arousals and awakenings. In addition, the amount of REM and SWS is severely reduced with an increase in light or stage N1 sleep. Abnormal and disturbed sleep has been documented in virtually all types of critical care settings including medical, surgical and cardiac ICUs. The consequences of sleep abnormalities in critical illness are often overlooked. However, recent data has indicated that fragmented and disturbed sleep in the ICU may adversely affect patient outcome. Increased delirium, irritability, anxiety and depression, decreased pain threshold, increased protein catabolism, hyperglycemia, and immune dysfunction have all been linked to disturbed and insufficient sleep in critical illness [5] [6] [7] .
THE ICU ENVIRONMENT: IMPACT ON SLEEP AND CIRCADIAN RHYTHMS
Environmental factors in critical care units that might negatively affect sleep include high noise and light levels at times when sleep is desired. Peak noise in critical care units has been reported to range from an average of 53 to 65 dB to over 80dB throughout the day and night [2] [3] [4] . The Environmental Protection Agency recommends that peak noise levels in the ICU should be no higher than 45 decibels (dB) during the day and 35 dB at night [2, 4] . Surprisingly, however, noise was documented to be the major cause of sleep disruption in a recent study; loud noises were found to be responsible for only 11.5% of arousals and 17% of awakenings, with a mean arousal index of 1.9 ± 2.1 arousals/h sleep, in critically ill patients [4] . Gabor et al. also examined the impact of noise in the ICU environment on the sleep of healthy volunteers as well as mechanically ventilated critically ill patients. These investigators also found that noise contributed to approximately 20% of the observed arousals and awakenings. Healthy subjects actually slept relatively well in an open ICU environment with improvement in sleep quantity and quality observed in a single-patient ICU room that allowed for noise reduction.
Aside from noise, other aspects of the ICU environment can disturb the regulation and timing of sleep. Current concepts regarding the control of sleep and wakefulness encompass two major factors, homeostatic drive and circadian rhythms. Homeostatic drive, which is determined by the amount of prior wakefulness, influences the amount and depth of sleep. Circadian rhythms regulate the timing of sleep and wakefulness, in addition to many other biological functions [8] . In most humans, the tau, or daily cycle of circadian rhythms, is slightly longer than 24 hours (Fig. 1) . As a result, circadian rhythms must be realigned with the Earth's day-night cycle on a daily basis. Failure to achieve this realignment can result in a "free running" rhythm where sleep and wakefulness become progressively delayed each day. Misalignment of the timing of sleep and wakefulness ensues which can ultimately progress to complete reversal of the day night cycle. Various environmental cues, including bright light exposure, feeding and other behavioral functions can serve as "zeitgebers" or stimuli, which reset or realign circadian rhythms to coincide with the day-night schedule. However, patients in critical care settings are often deprived of appropriately timed zeitgeibers such as bright light and food administration. Exposure to sunlight is limited or nonexistent in critical care units and most artificial lighting is of insufficient intensity to serve as a zeitgeber that fully realigns circadian rhythms. However, inappropriate timing of light exposure such as during the night, even at lower intensities, can impact the circadian pacemaker and produce an adverse effect on sleep timing. Nocturnal light levels are variable in ICUs, ranging from less than 5 lux to more than 1400 lux [2] . Light levels of 300 to 500 lux can affect the human circadian pacemaker and have the potential to impair nocturnal sleep. Appropriately timed meals, which are also potent zeitgebers, are often replaced by continuous feeding in the ICU (e.g. tube feeds or total parenteral nutrition), thus eliminating yet another potential means of maintaining appropriate alignment of circadian rhythms. As a result, misalignment of sleep and wakefulness with the day-night cycle is common in critically ill ICU patients. Patient care activities, such as nocturnal nursing assessments, vital sign checks, neurologic evaluations, IV pump monitoring, medication administration and bathing all have the potential to disturb sleep. Le, et al . assessed the effect of patient-care activities on sleep continuity in the ICU. Surprisingly, only 7% of sleep disturbances could be directly linked to these activities in medical, surgical, cardiothoracic, pediatric, and neonatal ICUs [9] . For unclear reasons, the surgical ICU had the most frequent nocturnal nursing interactions, the most common of which was nursing assessments. Interestingly, the nursing staff estimated that 13.9% of all nocturnal interactions could be safely omitted without adversely affecting patient care, thus lessening the number of sleep disruptions at night. While ICU noise, high light levels and patient-care activities at night individually account for only a small percentage of sleep disruptions, collectively these factors can lead to significant disturbances of sleep and may contribute to sleep deprivation. Reduction of these disturbances has the potential to improve sleep quality in critical care units.
Delirium is a common complication in the ICU characterized by a fluctuating course of shifting attention, disorganized thinking, confusion, and an altered level of consciousness [10] . Acute illness and sensory overload in the setting of the ICU environment can be very stressful and can result in delirium even in an individual with normal baseline cognition. Sleep fragmentation and deprivation may increase the risk of developing delirium [11] . Severe REM deprivation, defined as REM sleep that encompasses less than 6% of total sleep time (normal 15-25%) has also been associated with a higher incidence of delirium compared with patients who exhibit more REM sleep [11] . Delirium is a strong predictor of mortality, time on mechanical ventilation, length of ICU stay and post-ICU hospitalization. Delirium occurring during critical illness also increases risk for subsequent functional decline [12] [13] [14] . A randomized controlled trial that investigated the use of nighttime earplugs in ICU patients to reduce noise-induced sleep fragmentation studied 69 patients sleeping with earplugs during the night compared to a control group sleeping without earplugs. The Neelon and Champagne Confusion Scale (NEECHAM), a validated scoring system for confusion and delirium, was used to assess each patient. The intervention group scored 15% in the mild confusion category whereas the control group scored 40%. Combining assessments of both mild confusion and delirium demonstrated cognitive disturbances in 35% of the study group, with a hazard ratio of 0.47 (95% confidence interval of 0.27 to 0.82) versus 60% in the control group. When delirium or confusion occurred, onset was delayed compared to patients who did not use earplugs. 10 Patients who used earplugs also reported better sleep quality; nearly half of the study group reported a better sleep perception compared to 25% of the control group. While another randomized controlled trial which also investigated the effect of nocturnal earplug use in the ICU did not demonstrate a decrease in the incidence of delirium, in that study earplug use was associated with less confusion and cognitive impairment as well as improved self-reported sleep quality [15] . Thus, a relatively simple measure that reduces the impact of ICU noise can improve sleep quality and may improve cognition in critically ill patients.
CIRCADIAN RHYTHMICITY IN THE ICU PATIENT
As mentioned above, circadian rhythms orchestrate the timing of sleep and wakefulness in addition to regulating many other biological processes. Normal amplitude, periodicity and timing of circadian rhythms can be essential to normal physiology, both at the organ system and cellular levels. Past studies have demonstrated loss of intrinsic circadian rhythmicity in critically ill patients [16, 17] . However, confounding factors that may have affected the validity of this conclusion include varying severities of illness and use of vasopressor agents with sympathomimetic activity which could elevate melatonin levels which, in turn, might alter intrinsic circadian rhythms [18] . More recent evidence obtained from studies of 24 hr urinary excretion of the melatonin metabolite, 6-sulfatoxymelatonin (aMT6), in mechanically ventilated patients sedated with propofol and/or a benzodiazepine demonstrated preserved circadian rhythmicity in this critically ill cohort, Fig. (2) [8] . However, the timing of the circadian rhythm of melatonin excretion was abnormal with a phase delay of the rhythm. The observation of a phase delay of the melatonin rhythm is suggestive of a "free running" state where circadian rhythms are not entrained to the timing of the day-night cycle by usual "zeitgebers" or environmental cues. Because the periodicity of human circadian rhythms is typically slightly longer than 24 hrs, a gradual and progressive delay of the timing of circadian rhythms occurs each day in the absence of entraining "zeitgebers", which can result in the observed phase delay, (Fig. 3) [19] . Disturbances of circadian rhythms may be most pronounced in patients with traumatic brain injury which might be associated with damage to the suprachiasmatic nucleus, the master regulator of circadian rhythms, or its CNS projections [20] .
As mentioned, the timing and progression of sleep across the night is regulated, in part, by circadian rhythms. Normally, sleep progresses in three to five 90 minute nonrapid eye movement (NREM) / REM sleep cycles across the night, with slow wave activity predominating in the first third of the night and REM sleep encompassing a large part of the last third of sleep. This normal sleep "architecture" as depicted in Fig. (4) was absent in a study of critically ill patients.
In fact, temporal dissociation of EEG slow wave activity (SWA) from the biological night, as defined by the circadian rhythm of melatonin excretion, was evident. Rather than occurring as it normally does in the first third of the night, SWA that was observed in these critically ill patients occurred at any time during the day and night. In addition, REM sleep was virtually absent in this cohort. The clinical implications of this "uncoupling" of the circadian timing system from the sleep cycle are unclear [8] . However, secretion of norepinephrine, prolactin, cortisol, growth hormone and other hormones and biological processes that are affected by sleep and circadian rhythms, may be adversely affected in critically ill patients. Normal variation in levels or pulsatile secretion may be lost [2] .
The function of the hypothalamic-pituitary-adrenal axis (HPA), which plays a major role in the response to stress, is affected by critical illness. Activity of the HPA axis can be assessed by plasma levels of adrenocorticotropic hormone Fig. (3) . A characteristic actogram seen in free-running circadian disorder and also in the absence of entraining zeitgebers. Sleep onset becomes later on each consecutive day. The black bars indicate activity levels recorded by wrist monitor [19] . Reproduced with permission from Elsevier Science.
(ACTH) and cortisol. Normally, ACTH and cortisol levels are highest during early morning hours and decline throughout the day, reaching a nadir in late evening (Fig. 5) . During sleep deprivation, the nadir of cortisol secretion is higher due to the absence of inhibitory effects of the first hours of sleep; morning cortisol levels are lower, due to absence of the stimulating effects of morning awakening [19] . Several factors can influence the activity of the HPA axis in critical illness. Disturbances of circadian rhythms, sleep deprivation, stress, shock as well as adrenal insufficiency may all contribute to abnormal HPA function. For example, absence of the normal variation in cortisol levels over a 24-hour period is commonly observed in critical illness. The ICU environment itself, filled with noise and nocturnal lighting, increases urinary excretion of cortisol at night; restoration of normal circadian rhythmicity of cortisol secretion has been demonstrated to be reversible with earplugs and eyemasks in one ICU study [21] .
SLEEP, INFLAMMATION AND IMMUNITY
Sepsis is one of the most common reasons for ICU admission and has tripled in incidence over the past two decades in the United States [22] . ICU patients are also at risk for hospital-acquired infections. Sepsis is believed to adversely affect sleep; it is associated with increased NREM and decreased REM sleep [2] . Increased levels of the cytokines interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF) α are observed in infection and sepsis. These cytokines have sleep promoting properties and can induce excessive daytime sleepiness, fatigue and reduced cognition [23, 24] . The sleep promoting properties of IL-1 and TNFα were demonstrated in a study that showed increased amplitude of delta or SWA after central injections of IL-1 or TNFα in rabbits in a dose-dependent manner [24] . The observed increase in SWA was similar to that seen after recovery from sleep deprivation. Higher doses of these cytokines further enhance NREM sleep at the expense of REM sleep. At the highest doses, both NREM sleep and REM sleep are inhibited in association with occurrence of high fever [24] .
As mentioned, circadian rhythmicity may be diminished or entirely lost in critically ill patients. Melatonin in a healthy individual is normally inhibited by light during the daylight hours, and its secretion increases approximately 2 to 3 hours before habitual bedtime in the presence of dim light, called the time of dim light melatonin onset (DLMO). Melatonin levels then peak between 1 am and 3 am. The pattern of melatonin secretion has been used as a marker of circadian rhythmicity [25] . A normal pattern of melatonin secretion is typically maintained in nonseptic ICU patients, however in sepsis, DLMO and peak of melatonin secretion is lost, resulting in a continuous stimulation of melatonin release [17] . Additionally, in septic patients, melatonin secretion remained abnormal for several weeks after recovery from sepsis [17] . Recognition of the implications of circadian disturbance is essential as further evidence suggests the existence of circadian-immune interactions [26] . The mouse spleen, thymus, inguinal lymph nodes and peripheral blood exhibit clock gene expression [27] . Human CD4 + T-cells possess a functional molecular clock and show circadian variations of IL-2, IL-4, and IFN-γ production [28] . The clinical implications of abnormalities of circadian rhythms on immune function have not been fully elucidated and are difficult to entirely separate from effects of sleep deprivation.
Immune function is vital for recovery and while sepsis itself may disturb sleep, sleep deprivation has been shown to adversely affect the immune system [29] [30] [31] . Evidence suggests that sleep may be vital to basic host defense mechanisms. Ruiz et al. studied the effects of total sleep deprivation (SD) and REM SD on white blood cell (WBC) count, T-(CD4/CD8) and B-lymphocytes, Immunoglobulin (Ig) classes, and complement and cytokine measurements in healthy subjects. Subjects were randomly assigned to protocols of control, two nights of total SD, or four nights of REM SD. Sleep deprived subjects then underwent three nights of sleep recovery. SD may be associated with a proinflammatory state: WBC counts increased by 15% from baseline after total SD, with neutrophils increasing by15% as well; counts returned to baseline after one night of recovery. Also, supporting the hypothesis that an inflammatory state is associated with SD, Meier-Ewert et al. demonstrated that the Fig. (4) . Histogram depicting the progression of sleep stages across a single night in a normal adult.
inflammatory marker C-reactive protein increased during total and partial SD in healthy subjects [32] . The effects of SD on CD4 + T-cells and IgA levels suggest that adapative immunity may be more vulnerable to SD [30] . CD4 + T-cells increased during total SD and did not return to baseline after three nights of sleep recovery. IgA levels decreased during REM SD. Counts of CD8 + T-cells, total lymphocytes, and Bcells were not significantly different from baseline after SD. Complement and cytokine levels (IL-1β, IL-2, IL-4, IL-6, IL-10, TNF-α, and interferon-γ) remained unchanged after SD.
Cellular immunity against viral infections may also be impaired by SD; natural killer cell activity was reduced to 72% below mean baseline lytic activity in healthy subjects after partial SD [31] . In response to influenza vaccination, healthy subjects whose sleep was restricted to 4 hours for 6 nights after vaccination had less than half the level of antibody titers compared to subjects who slept 7.5 to 8.5 hours per night for ten days after vaccination, although by 3 to 4 weeks after vaccination these differences resolved [33] . Thus, sleep may play an important role in the formation of immunological memory. It has been proposed that the adverse effects of SD on the immune system may be severe enough to impair wound healing [34, 35] .
Many studies on the effects of sleep deprivation on immune function evaluated the effects of relatively brief periods of acute sleep deprivation. However, prolonged periods of sleep loss or sleep restriction, during a prolonged ICU stay for example, represent a condition of prolonged stress. Similar to acute studies, prolonged periods of sleep deprivation also lead to a pro-inflammatory state with increased plasma concentrations of IL-6 and the soluble TNF-α receptor 1. Ten days of sleep restriction to 4 h per night increases the concentration of C-reactive protein. Thus, chronic sleep deprivation also appears to induce a state of systemic inflammation along with impairment of immune responsiveness [36] .
EFFECTS OF MEDICATIONS ON SLEEP IN THE ICU
Medications, especially sedatives, can have a significant impact on sleep and can affect the course of an ICU patient's hospitalization. These medications can suppress slow wave and REM sleep and a rebound increase in these sleep stages may occur after drug withdrawal. Awareness of these effects is useful when assessing mental status. Patients sedated with propofol or midazolam infusions may subjectively report better sleep quality than non-sedated patients [6, 37] . The sedated patients' perception of better sleep quality may be a consequence of reduced discomfort associated with intubation and mechanical ventilation and also limited recall while under sedation [6] . However, it is important to recognize the similarities as well as important differences between sleep and sedation. Similarities between sleep and sedation include motor hypotonia, temperature dysregulation, disconjugate eye movements, altered sensorium and mentation, and respiratory depression [2] . Sleep, however, is regulated, in part, by circadian rhythms and demonstrates an ultradian pattern with progression of sleep stages in 90 minute cycles of NREM and REM sleep as evidenced by specific patterns of brain activity recognized on EEG recordings. Sleep is also associated with decreased norepinephrine release from the wake-promoting locus coeruleus neurons. In contrast, sedation can alter circadian rhythmicity and typically is not associated with suppression of norepinephrine release from the locus coeruleus [2] .
Propofol, a GABA A agonist, is a commonly used sedative in the ICU. In a randomized crossover study of mechanically ventilated ICU patients with or without propofol, those sedated with propofol demonstrated worsening sleep quality, characterized by a lack of sequential progression through sleep stages and reduced SWS and REM sleep [38] . In this study, respiratory variables, patient-ventilatory asynchrony, and arterial blood gases did not differ with or without propofol, suggesting that propofol has a significant effect on sleep even when controlling for confounding variables. Dexmedetomidine, a selective alpha 2-adrenergic receptor agonist, is used for its light sedative effects in the ICU. It acts primarily in the locus ceruleus by inhibiting wakepromoting norepinephrine pathways, thereby depressing alertness and sympathetic activity [13] . Dexmedetomidine also suppresses wake-promoting activity of the histaminergic tuberomammillary nucleus [13] . EEG activity during dexmedetomidine sedation appears to resemble NREM sleep with abundant sleep spindle and slow-wave activity. These findings support the hypothesis that this sedative preserves or promotes non-rapid eye movement sleep [39] .
Other commonly used medications in the ICU include benzodiazepines, opioids, and vasopressors. Benzodiazepines, acting through GABA A receptors, and opioids, through µ receptors, are known to suppress REM and SWS [40] . Benzodiazepines have high affinity for multiple GABA A receptor subunits. Activation of the α1 subunit induces sedative effects; binding to the α2 subunit promotes hypnotic properties [14] . Vasopressors such as dopamine, epinephrine, and norepinephrine decrease REM and SWS via adrenergic receptors. Corticosteroids, another commonly used medication in the ICU, decrease REM and SWS [1] . While suppression of specific sleep stages may occur during administration of these medications, a rebound increase in REM or SWS can occur upon drug withdrawal. A rebound increase in REM sleep can be associated with exacerbation of sleep disordered breathing, along with autonomic instability, potentially leading to adverse hemodynamic effects, myocardial ischemia, and altered mentation [41] .
A hypnotic class of medication available only in the oral form is the nonbenzodiazepine receptor agonist (e.g. zolpidem and zaleplon). While studies evaluating the role of this class of hypnotic use in the ICU are lacking, they are commonly prescribed to the non-intubated patient and are probably safer than benzodiazepines in the ICU [40] . The nonbenzodiazepine receptor agonists do not possess antiseizure, anti-anxiety, or muscle relaxant properties like the benzodiazepines do. The advantages of this class of hypnotics include less likelihood of causing significant rebound insomnia and tolerance.
EFFECTS OF MECHANICAL VENTILATION ON SLEEP
Mechanical ventilation typically disturbs and disrupts sleep. Parthasarathy and Tobin studied pressure support ventilation (PSV) and assist-control ventilation (ACV) in 11 critically ill patients, with both modes set to achieve a tidal volume of 8 ml/kg [42] . Sleep fragmentation (i.e. arousals and awakenings) was significantly greater during PSV (79 ± 7 events/h) than ACV (54 ± 7 events/h) (p = 0.02). Six of the 11 patients who developed central apneas during PSV were more likely to have heart failure (defined as a left-ventricular ejection of less than 50% or a history of congestive heart failure) compared to those who did not develop central apneas. Mechanisms responsible for the appearance of central sleep apnea during PSV may involve ventilatory "overshoots", augmented by the pressure support, which drive PaCO2 below the apneic threshold thus inducing central apneas. This mechanism may be particularly relevant in patients with heart failure and Cheyne-Stokes respiration (CSR) but it may also occur in those without heart failure [42, 43] . Heart failure patients with CSR have a lower PaCO2 during wakefulness and NREM sleep than patients without CSR; thus PaCO2 is closer to the apneic threshold during sleep [44, 45] . The ventilatory instability of CSR results primarily from a high central and peripheral chemoresponsiveness that increases the tendency to hyperventilate, resulting in hypocapnia and a ventilatory overshoot [44, 45] . Any ventilatory overshoot that occurs after an apnea would be augmented by PSV and may result in hypocapnia that induces further central apneas [42] . When the investigators introduced 100 mL of dead space to the ventilator circuit of the patients with central apneas, which would be expected to increase PaCO2, the frequency of central apneas and resultant sleep disruptions was reduced. Of note, ventilator settings are not typically reduced during the night when minute ventilation is typically lower during sleep as compared to wakefulness [42] . This poses an increased risk for inducing hypocapnia, with resultant central sleep apneas, arousals and awakenings. Hypocapnia has also been shown to decrease the amount of REM sleep in animal models in the absence of sleep disordered breathing in both normoxic and hypoxic conditions [46] . Respiratory alkalosis with hypocapnia is associated with less SWS, more arousals, and reduced sleep efficiency. Acute changes in CO2 and pH may activate hypothalamic orexin neurons, which are wake promoting, thus further disturbing sleep [5] .
Patient-ventilator asynchrony is another factor that may induce sleep disruption. A randomized crossover clinical trial by Bosma, et al. studied 13 patients during weaning from mechanical ventilation on PSV or proportional assist ventilation (PAV) on one night and subsequently crossed over to the alternative mode for the second night [47] . PAV provides pressure in proportion to the inspiratory effort thereby acting as a mode of partial ventilatory support. Without a preset target pressure flow or volume, PAV matches the patient's respiratory efforts, which is especially important when the patient is sleeping; PAV allows for the physiologic increase in PaCO 2 during sleep and prevents the development of central apneas and resultant sleep fragmentation [47] . As opposed to PAV, PSV settings do not adapt to the patient's breathing rhythm during periods of wakefulness and sleep. The degree of ventilatory support provided during wakefulness may not be appropriate during sleep. The trial demonstrated that the frequency of patientventilator asynchronies were lower with PAV than with PSV (24 ± 15, 53 ± 59 events/h, respectively; p = 0.02) and correlated with the number of arousals/h. Overall sleep quality was significantly improved on PAV compared to PSV; there were fewer arousals/h, fewer awakenings/h, and greater REM sleep and SWS on PAV than PSV.
While some data suggests that the mode of mechanical ventilator support contributes to sleep fragmentation, as suggested by Parathasarathy and Tobin, it may actually be the settings of the ventilator that are causing the sleep disturbances. Cabello et al. demonstrated that ventilatory mode in nonsedated, conscious ICU patients did not influence sleep pattern, arousals and awakenings, or ineffective efforts when comparisons were made between ACV, clinically adjusted pressure support ventilation (cPSV), and automatically adjusted pressure support ventilation (aPSV) [48] . ACV was adjusted for a tidal volume of 8 mL/kg of predicted body weight; cPSV was adjusted by the physician for a tidal volume between 6 and 8 mL/kg of predicted body weight and a respiratory rate of < 35 breaths/min; the aPSV adapted the level of PS to keep the patient at a respiratory rate between 15 and 30 breaths/min, a tidal volume > 300 mL, and end-tidal CO 2 level < 55 mm Hg. Independent of the ventilator mode, sleep architecture was of poor quality, with decreased REM sleep and increased sleep fragmentation. However, on lower levels of PS, these investigators demonstrated that central apneas and ineffective efforts were each responsible for less than 10% of total sleep fragmentation. These findings suggest that regardless of the ventilatory mode, excessive ventilatory support, resulting in overventilation that contributes to central apneas, is an important factor leading to sleep disruption. Physicians should be aware of iatrogenic causes of central sleep apnea and sleep disturbances in mechanically ventilated patients.
SLEEP AFTER THE ICU
A majority of patients report improved sleep after leaving from the ICU as a result of reduced nocturnal disruptions and noise, as well as decreased pain and fewer intravenous catheters and tubes [6] . Levels of noise and lighting have been shown to be lower in a step-down unit (SDU) in one study when compared to those of the ICU [5] . However, sleep disturbances may persist after ICU discharge, since many patients are transferred to a SDU to undergo weaning from ventilatory support, rehabilitation, and other medical care needs [5] .
Sleep disturbances can persist after hospital discharge and may negatively impact quality of life (QOL). In a prospective cohort study surveying survivors of acute lung injury six months after discharge, the association between insomnia symptoms and QOL (Medical Outcomes Study 36-tem Short-form Health Survey, or SF-36) scores were analyzed, adjusting for post-traumatic stress disorder (PTSD) and depression [49] . Half of the subjects reported insomnia symptoms and scored worse in both mental and physical QOL. After adjusting for PTSD and depression, there remained a significant association between insomnia and physical functional impairment. Contrary to these findings, another prospective cohort study utilizing the Basic Nordic Sleep Questionnaire and the SF-36 found that the prevalence of self-reported quality of sleep did not change from the pre-ICU period to the post-ICU period, at 6 and 12 months postdischarge [50] . The presence of concurrent diseases in the post-ICU period, however, was strongly associated with difficulties falling asleep, poor quality of sleep and sleep deficit, emphasizing the need for increased awareness of comorbidities as a major factor in sleep recovery after an ICU stay. Associations between sleep disturbances and Acute Physiology and Chronic Health Evaluation score, the length of stay or the treatment diagnosis were not significant.
CONCLUSION
Critical illness, various treatment modalities and the ICU environment itself can markedly impair sleep quality. Poor sleep and chronic sleep deprivation may, in turn, impair recovery with adverse effects on cognition, mental status and immune function. After discharge from the ICU, many patients will continue to experience poor sleep with potential adverse effects on functional recovery. In the busy environment of critical care, sleep quality is often overlooked. Ongoing research is beginning to demonstrate that it may no longer be prudent to disregard this essential physiological function.
